In this report we present the status of the MAgnetized Disk and Mirror Axion eXperiment (MADMAX), the first dielectric haloscope for the direct search of dark matter axions in the mass range of 40 to 400 µeV. MADMAX will consist of several parallel dielectric disks, which are placed in a strong magnetic field and with adjustable separations. This setting is expected to allow for an observable emission of axion induced electromagnetic waves at a frequency between 10 and 100 GHz corresponding to the axion mass. The present document orignated from a status report to the DESY PRC in 2019.
10 Summary and conclusions 43 1 Executive summary
The axion, originally introduced to solve the strong CP problem, is an excellent dark matter candidate. The dielectric haloscope is a promising technique for dark matter axion detection in the theoretically well motivated mass range of 40 − 400 µeV. The detection principle is based on the conversion of axions into photons in a strong magnetic field. The interface between vacuum and dielectric materials is used as a conversion surface. The tiny power produced in the conversion is "boosted" by coherent photon emission from multiple dielectric disk surfaces combined with constructive interference effects when placed in front of a mirror. The "booster" concept has already been scrutinized in some detail [1, 2, 3, 4] .
The Madmax project is divided into phases:
• Feasibility of detector components; of magnet procurement; simulation studies including determination of required mechanical precision.
• Prototype of down-scaled booster system and test in existing magnet.
• Experiment construction and commissioning of final booster system, receiver and magnet.
• Axion search scanning of the relevant parameter space.
The feasibility phase is concluded. A feasibility study on the dipole magnet has been completed with two magnet suppliers within an innovation partnership -a novel tendering tool of the European Union [5] . It was shown by the two partners independently that it is possible to build a magnet with the needed specifications within realistic time and budget constraints. An external expert committee has evaluated these studies and confirmed the outcome, and has encouraged the innovation partners to proceed towards a realization of the magnet. The two innovation partners are now working together in a novel form of academic-industrial partnership.
Simulation studies of the experiment have been carried out using tools modified to take into account an axion source term. These suggest that an amplification factor of 10 4 for axion to photon conversion can be obtained by the booster system. The feasibility of the booster concept is being experimentally tested using a proof of principle setup.
The collaboration is currently entering the prototype phase, which will demonstrate the experiment technology in all its aspects, and will provide a design scalable to the final experiment. It is planned to test the prototype detector inside the MORPURGO dipole magnet located at CERN. First physics results in terms of hidden photon and Axion Like Particle (ALP) searches will be achieved.
All aspects of the prototype are presently being investigated to identify the optimal technological solutions. No show stoppers have been identified. It is expected that all required inputs for the conceptual design report for the prototype will be ready in 2020. In parallel, the final experimental site, the HERA North hall at DESY is being refurbished to host the Madmax experiment. A radio-quiet laboratory (SHELL) dedicated to commissioning of the prototype has recently been brought into operation at the University of Hamburg.
2 Physics motivation and foundation 2.1 The case for axions Searches for a neutron electric dipole moment d n find |d n | < 2.9 × 10 −26 e cm [6, 7, 8] with electron charge e. Together with limits on other nuclear electric dipole moments, this implies an absence of charge-parity (CP) violation in the strong interactions at least to a degree that is highly puzzling, in particular, in light of the existing sizable CP violation in the electroweak sector of the standard model (SM) of particle physics. The absence of measurable CP violation is one of the most puzzling features within the SM, also called the strong CP problem.
An elegant solution to this puzzle was proposed by Peccei and Quinn in the year 1977 [9, 10] : By extending the SM with a new global chiral U(1) symmetry-the Peccei-Quinn (PQ) symmetry U(1) PQ -that is broken spontaneously at the PQ scale f a , a mechanism is introduced, which suppressed dynamically CP violation in the strong interactions. The axion, a emerges as the associated pseudo-Nambu-Goldstone boson [11, 12] with a mass today given by m a 5.7 µeV(10 12 GeV/f a ) [13] .
While the original PQ proposal assumed f a to be at the weak scale, axion searches, astrophysical observations and cosmological arguments point to a very high scale of f a 3 × 10 8 GeV implying a very small axion mass of m a 0.02 eV [14, 15, 16] .
Remarkably, the axion is also an excellent cold dark matter (CDM) candidate [17, 18, 19] . The m a range in which the correct CDM abundance is expected to be provided by the axion depends on the order of two critical events in the past: cosmic inflation and the PQ symmetry breaking.
In the first scenario, PQ symmetry breaking occurred before inflation without any subsequent PQ symmetry restoration. Thereby, the initial value of the axion field in our local universe is unique -up to quantum fluctuations-and is fundamentally unpredictable from first principles. The vacuum realignment mechanism [17, 18, 19] can then provide the complete amount of CDM in the form of cold axions for any value of f a 10 10 GeV corresponding to a large possible region of the axion CDM mass of m a 0.5 meV. The exact value of the axion CDM mass, however, cannot be theoretically predicted because of the random initial value of the axion field in the observable universe.
In the second scenario, inflation occurred before PQ symmetry breaking. This implies a patchy structure of the axion field in the observable universe with its initial value being essentially random in each patch of the universe causally disconnected during PQ symmetry breaking. The relic axion CDM density from the vacuum realignment mechanism is then given by the statistical average and depends on f a only [17, 18, 19] . However, the patchy structure is associated with cosmic strings and domain walls which complicates the calculation of the axion CDM density such that the calculation of the exact value of the axion CDM mass -i.e. the m a value for which axions provide the correct CDM density -in this scenario is still the subject of frontier research in astroparticle physics [20, 21, 22, 23, 24, 25, 26, 27] . Currently, the mass range 26 µeV m a 1 meV is considered as the best motivated one in the post-inflationary PQ-symmetry-breaking scenario with m a ∼ 100 µeV as a typical representative value for the CDM axion mass.
The dielectric haloscope
The underlying fundamental physics of a dielectric haloscope is described by the modified Maxwell equations (cf. [2] and references therein) obtained when accounting for the Lagrangian density describing axion-photon interactions,
where E and B are electric and magnetic fields and α = e 2 /(4π) the fine-structure constant in the Lorentz-Heaviside convention and natural units with = c = 1. The axion-photon interaction strength is governed by the axion-model-specific parameter C aγ = E/N −1.92 ≡ (2π/α) f a g aγ which is usually of O(1) and given by the electro-magnetic (EM) and color anomalies of the PQ symmetry, E and N , respectively [13] . Considering a medium with permeability µ = 1 and a dielectric constant inside of an external static and homogeneous B-field B e , the corresponding modified Maxwell equations imply the existence of a tiny axion-induced electric field
At an interface between media with different , E a (t) is discontinuous, whereas the (modified) Maxwell equations require continuous total E (and H) field components parallel to the boundary. The continuity is ensured by the emissions of electromagnetic radiation at the boundary in the direction perpendicular to the boundary. This effect has been discussed first as the dish antenna concept [29] and is used by the BRASS project pursued at the University of Hamburg [30] . The corresponding power output of a single magnetized metallic mirror of area A is [29] 
where ρ a is the galactic local axion CDM density. While the emission from the mirror surface would be frequency independent, it seems technologically difficult to magnetize a sufficiently large surface area A with a high enough B e -field perpendicular to the surface to obtain a detectable power output induced by the axion CDM field. Dielectric haloscopes are using movable dielectric discs in front of (or between) metallic mirror(s) exploiting constructive interference and resonant enhancements of the radiation emitted at the many interfaces. A related concept has been discussed earlier [31] and a first proof of principle setup, ORPHEUS, has obtained first results [32] .
The Madmax experiment is based on a similar idea [33, 1, 2]: Fig. 1 illustrates a dielectric haloscope consisting of one mirror and six dielectric discs placed in an external magnetic field B e (green) parallel to the disc surfaces, and an antenna coupled to a receiver in the field-free region. The photon emissions (ignoring internal reflections) is sketched by blue lines. 
Sensitivity reach of the dielectric haloscope
With the proposed dielectric haloscope Madmax it is planned to detect CDM axions if they are in the mass range 40 µeV m a 400 µeV.
Sensitivity to both the KSVZ [34] and DSFZ [35] QCD axion models in this range will allow for tests of both axion CDM scenarios: The pre-inflationary PQ-symmetry-breaking scenario for relatively large initial misalignment angles of θ i 2.5 and a significant fraction of the mass region motivated by the post-inflationary PQ-symmetry-breaking scenario. Thereby, Madmax will be highly complementary to cavity halosopes searching for a resonantly-enhanced signal induced by the CDM axion in a cavity placed in a strong magnetic field (Sikivie's haloscopes [36] ) such as ADMX [37] , ADMX HF [38] , HAYSTAC [39] or CULTASK [40] . Cavity haloscopes are the most sensitive axion CDM searches today and seem to be optimal for m a 40 µeV, i.e., below the Madmax search range (4). For larger m a values, smaller cavities are required to allow for the CDM axion-induced resonance which is in turn associated with substantial challenges to obtaining a signal sensitivity at an observable level. In contrast, existing studies suggest that Madmax has the potential to cover an important range in the particularly well-motivated axion CDM mass region for the first time with a sensitivity expected to reach the most prominent QCD axion models (see Fig. 3 ).
Madmax will aim to detect the CDM axions bound to our galaxy, which are assumed to provide the full local galactic CDM density of ∼ 0.3 GeV/cm 3 [28] and to have a velocity dispersion on Earth described by the galactic virial velocity of v a ∼ 10 −3 c. The associated macroscopic de Broglie wavelength of axions λ dB = 2π/(m a v a ) = 12 .4 m (100 µeV/m a )(10 −3 c/v a ) will exceed the size of the Madmax booster system significantly in particular towards smaller m a values. Thus, we expect Madmax to probe the axion CDM field a = θf a as an (approximately) homogeneous and monochromatic classical oscillating field θ(t) ∝ θ 0 cos(m a t) with θ 0 ∼ 4 × 10 −19 fixed by the local CDM density, ρ a = f 2 a m 2 a θ 2 0 /2 ∼ 0.3 GeV/cm 3 , and a frequency of ν = m a /(2π) in the microwave range of 10 GHz ν 100 GHz.
By optimizing the spacings between the individual discs (each of transverse surface area A), it can be shown that a significant frequency-dependent boost of the power output can be achieved:
Here the enhancement as a function of frequency with respect to a single magnetized mirror is quantified in terms of the power boost factor, β 2 (ν), generally referred to as boost factor in the following. It depends on the widths, separations, and on the dielectric constant of the dielectric discs. Fig. 2 (left) shows β 2 (ν) optimized for maximum values within the frequency ranges ∆ν = 1, 50 and 200 MHz, each equally centered on 25 GHz for a dielectric haloscope consisting of 20 magnetized discs (d = 1 mm, = 25) and a metallic mirror. The curves are obtained for an idealized 1-dimensional setting with a mirror and discs of infinite transverse extent and perfect parallel alignment. The figure illustrates that already 20 discs allow for significant β 2 values and that an area law holds according to which dνβ 2 is preserved, such that it is possible to trade width for power and vice versa [2] . In addition, the area under the β 2 curve is approximately proportional to the number of discs N . Results for realistic 3-dimensional settings of finite extent will be presented in section 6.1. When searching for the axion, the central ν value around which the ∆ν region with significant β 2 is expected has to be seamlessly shifted to cover the mass range in (4). To verify that the disc spacings are set properly to allow for the significant β 2 value in the considered frequency range, the reflectivity |R(ν a )| and the group delay ∂ ∂νa Arg(R) of the system will be crucial quantities. As shown in Fig. 2 (right) both show features related to the amplitude boost factor β at ν = m a /(2π), but are measurable at other frequencies as well. Indeed, these quantities are being studied in the laboratory as will be discussed in section 6.2. The curves in Fig. 2 (right) are obtained for the mentioned 1-dimensional idealized setting, but now for 80 discs each of thickness d = 1 mm and = 25, where a loss tangent of tan δ ∼ few×10 −4 is assumed in the calculation of the reflectivity.
While the final Madmax setup should ultimately be sensitive to QCD axion models, there is a significant unexplored parameter range of Axion Like Particles (ALPs) and of hidden photons that should be accessible with the down-scaled Madmax prototype (discussed in section 9). In the case of hidden photons, an unexplored parameter range would be accessible even without the external magnetic field B e . While neither ALPs nor hidden photons are associated with a solution of the strong CP problem, both could be present in SM extensions and could explain the CDM in our universe. Fig. 3 shows the parameter region spanned by the axion-ALP mass m a and the axion-ALP-photon coupling g aγ with astrophysical limits (blue), limits from searches (gray), projected sensitivities of planned projects (green) and the location of typical QCD axion models (red and blue lines). Presently, such models [34, 35] in the axion CDM mass range are tested only by the ongoing ADMX cavity haloscope searches, and by the solar axion search with the helioscope CAST towards relatively large m a values [41] .
The discovery potential of Madmax shown in Fig. 3 is expected to touch the QCD axion model line as are planned cavity haloscopes such as CULTASK [40] and the axion helioscope IAXO [42] . Also, the discovery reach of the light-shining-through-the-wall experiment ALPS-II [43] and the magnetized dish antenna experiment BRASS [30] are shown in Fig. 3 . The sensitivity of the Madmax project and the period needed to scan the full mass range depends on the assumptions on achievable boost factor (loss effects), achievable noise temperature of the receiver (T sys ), coupling of the antenna-receiver system to the booster and the readjustment time (t R ) for the disc positions between measurements at different mass-ranges. The depicted sensitivity reach of Madmax is defined as a signal with 5 σ above system noise temperature. It is assumed that 50 % of the theoretically obtainable maximum power is detected (30% loss from 3D effects, and another 30% from antenna coupling). The reach of Madmax is shown for a wide-and a narrow-mass-range scan, each of them under two sets of assumptions: "conservative" (upper dashed line) and "success oriented" (lower dashed line). The conservative set assumes boost-factor bandwidth ∆ν β = 50 MHz, t R = 1 day, T sys = 8 K and a live time of 3 years. The success oriented assumes ∆ν β = 20 MHz, t R = 1h, T sys = 4 K and 5 years scanning time. Astrophysical limits (blue) and limits from searches (gray) with cavity haloscopes (ADMX, HAYSTAC, UF/RBF [45, 46] ) and the axion helioscope CAST are shown. The expected sensitivity of future cavity experiments (e.g. ADMX, HAYSTAC, CUL-TASK), the axion helioscope IAXO, the light-shining-through-the-wall experiment ALPS-II and the magnetized dish antenna haloscope BRASS are also indicated. The sensitivity range for Madmax is shown for two cases (blue regions): a wide-and a narrow-mass-range scan. For both cases the sensitivity is shown for a "conservative" and a more "success oriented" set of parameters (see text). Also the projected sensitivity for the prototype with 20 discs in a 1.6 T field at 8K within 90 days measurement time is shown in cyan (see Sec. 9) . Madmax sensitivities correspond to 5 σ signal above noise. The other limits and sensitivities may have other definitions.
3 Madmax: concept, collaboration and strategy 3.1 The Madmax concept
The Madmax project is based on the idea of the dielectric haloscope: the axion induced power output is boosted by the system to ≈ 10 −22 W, cf. eq. (5). This can be realistically measured with high enough significance within a ∼ week of integration time with an overall noise temperature of 8 K. To obtain this power, a power boost β 2 2 × 10 4 and a dipole magnet with a figure of merit
are aimed for. Here B(x, y, z) gives the y-component of the B-field as a function of the position, L is the maximum length of the booster 1 and, A is the area of each disc contributing to the axion to photon conversion. The planned Madmax experiment would consist of the following main components:
• Magnet: A ≈ 9 T dipole magnet with a 1.35 m warm bore out of which the inner 1.2 m should be available for the disc areas to get FoM =100 T 2 m 2 ;
• Booster: The booster including ∼ 80 dielectric discs in front of a mirror with ≈ 1.2 m 2 area, adjustable in their relative distance between 1.5 and 15 mm with a precision of better than ≈ 10 µm;
• Receiver: An exchangeable receiver to enable the detection of signal photons in the frequency range of 10-100 GHz coupled to the optical system that is guiding the power output of the booster into the receiver.
The booster and optical system will be situated in a liquid helium cooled cryostat, in order to reduce the system noise temperature. The receiver will be housed in a separate cryostat. A conceptual sketch of such a system (without the receiver cryostat) is shown in Fig. 4 .
The Madmax collaboration
The Madmax collaboration was founded at DESY-Hamburg in October 2017. Currently, it consists of eight institutes as full members and two as associate members. The member institutes are listed in Tab. 1.
R&D strategy
The project includes several technological challenges. They will all (except for the magnet) be addressed by a scaled-down version of the final experiment -the prototype. The output of the tests with the prototype will be essential for scaling up for the final design of the Madmax experiment. The key challenges are detailed below together with the strategy to tackle them.
Magnet
A dipole magnet with a FoM ≈ 100 T 2 m 2 is necessary. This implies that the stored energy would be ∼ 480 MJ, that the peak field inside the superconductor would be close to the critical field of NbTi, and that the coils and supporting structures would need to withstand strong forces. No dipole magnet with such challenging specifications has ever been built. It was not clear at the beginning of the project whether this could be built within reasonable budget and time scale. Feasibility, time scale, and costs are strongly interlinked. To tackle this in the most efficient way, an innovation partnership with two competing magnet suppliers started (CEA-Irfu and Bilfinger Noell) in 2017.
In the first phase the two partners performed independent feasibility studies. The goal was to show that it would be possible to build a magnet with the specified FoM = 100 T 2 m 2 using NbTi superconductor. Both innovation partners came up with a similar design and consistent conclusions. The results were regularly evaluated and the plans to move forwards were approved by an external expert committee 2 .
Since finishing the initial competitive feasibility study, the innovation partners have joined forces and are cooperating towards the realization of the magnet. This allows for the most efficient exploitation of the complementary expertise of the academic and the industrial partner.
The partnership structure is managed together with representatives of the collaboration. 
Full members

Determination of the boost factor
The strength of an expected axion signal will be governed by the boost factor of the setup in the frequency range under consideration. It is therefore very important to properly understand the boost factor and the coupling of the signal into the detector system. A direct measurement of the boost factor can not be made. It is therefore essential to develop an in-depth understanding of the response of the system. This will be done by developing complementary methods to measure and simulate the RF response. Possibilities of in situ calibrations of the system response using transmission, reflectivity and group delay are described below (see Sec. 6.2) . Some promising ideas to measure the boosting behavior, like enhanced thermal noise of the booster discs [48] or emission of radiation from surface currents on the mirror, are presently being investigated. These measurements allow indirect calibration of the boost factor. Comparison with simulations will help to verify that the RF behavior of the system is properly described. This should make it possible to reliably derive the boost factor and to quantify the systematic uncertainties.
Disc displacement system
The disc positioning system is a complex mechanical construction. To identify the least risky and most reliable design, a study has been commissioned with an external company specialized in cryogenic engineering. Various proposals were evaluated and compared. A feasible solution has been identified, which is going to be implemented into a technical design in the next three months. One of the biggest challenges remaining are the actuators used to move the discs. There are well-developed ideas on how the system can be constructed using piezo motors at cryogenic temperatures. However, in order to minimize the risk, R&D on different motors is being carried out with different companies in parallel. Alternative actuator crystals such as electrostrictive crystals [49] in bipolar mode are being considered as a potential solution, as they promise a larger stroke at 4 K.
Another important parameter for the disc positioning system is the time needed to adjust the disc spacing for a given frequency search. It is assumed presently that rearranging the disc positions for scanning a new frequency range will not take longer than one day. (For details on the positioning algorithm, see section 6.2.5 ) This has implications on the motor design in terms of their realistic drive speed and maximum power dissipation.
Disc size and tiling
Additional main challenges are the size of the discs and the accuracy on their dimensions. The suitable materials have high-and low dielectric losses. So far the best candidates are machined from Czochralski grown single crystals. For the materials under consideration, Sapphire and LaAlO 3 , these are at best available in 12" and 3" format, respectively. This is considerably smaller than the disc diameter being aimed for. Consequently, discs from these materials will have to be tiled using gluing technology. While developments performed so far are promising and give some confidence that the tiling technology can be managed with the needed accuracy for the prototype, it is not yet confirmed whether this is the case for the final experiment. Also, it is not understood how the glue gaps will influence the booster response. This issue is being investigated with simulation studies. In parallel, investigations are performed to find alternative crystals of larger size or amorphous materials.
Detection technology
The detection technology for Madmax is being investigated in two separate frequency ranges: above and below 40 GHz. Below 40 GHz, a receiver consisting of a low-noise HEMT preamplifier and heterodyne mixing detectors can be used to achieve the detection of signals of 10 −22 W within a few days of measurement time. Such a receiver chain has been built and tested, and the expected performance has been demonstrated [47] . In the near term, it is planned to implement Josephson junction based traveling wave parametric amplifiers [50] to reduce the receiver noise temperature to near the quantum limit. The successful integration of a quantum limited amplifier into Madmax would significantly reduce the measurement time. It is anticipated that testing and integration of such devices into the Madmax prototype can start in 2020.
The detection of signals between 40 and 100 GHz -the axion mass range of 120 to 400 µeV -remains an open question. Various possibilities such as SIS mixers [51] or single photon detectors [52, 53, 54] are considered. However, a working technology will have to be developed with the help of further groups. Discussions with some groups are ongoing.
Madmax magnet
A 9 T dipole magnet will be purchased for the experiment. The magnet will be delivered as complete plug and play solution, except for an own LHe supply. The overall magnet system will consist of superconducting magnet coils inside a cold mass placed in a cryostat, a cold box for 1.8 K helium supply, a warm gas management system (except storage for gaseous helium), power leads, power supply and warm cabling, and the quench protection system.
Additionally, for the shielding of the magnetic field, a suitable yoke is needed. Such a yoke [55] is available in the DESY north hall and will be discussed in Sec. 5.
Superconducting coils
Parametric studies have been performed to optimize the coil configuration in terms of peak field, peak forces and minimization of conductor mass. As a result, a block design based on coils made from NbTi superconducting cable on a copper conduit was chosen. Currently, a design with 9 blocks is pursued as a baseline.
The superconductor cable is going to be produced from a NbTi-Rutherford cable with up to 40 strands soldered onto a copper profile. To ensure cooling of the Rutherford cable the copper profile has a 6 mm hole, acting as a cooling channel for the superfluid helium. The dimensions of the proposed conductor are shown in Fig. 5 . A conductor with a similar design has successfully been developed for the LNCMI hybrid magnet [56] .
In the framework of that project a machine to reliably solder the Rutherford cable onto the copper conduit has been developed, tested and used to produce the conductor for the LNCMI magnet. This machine could be available to the Madmax collaboration. It has been shown by B-field and force calculations with finite element simulations that the conductor as specified above could withstand the forces appearing during cool-down, ramp-up and operation of the magnet. The resulting B-field configuration (component parallel to disc surfaces) inside and around the magnet is shown in Fig. 6 .
Experience gained from the coils produced for the LNCMI magnet leads to the conclusion that the winding of the coils is feasible, using tooling available from the earlier project. Nevertheless, the first qualification plans for coil winding are presently ongoing using first dummy conductors. First results of these tests are expected in the near future.
Given the current design, the operation current of the magnet is 23.5 kA. The connection of the power supply to the magnet will be done with normal conducting water-cooled copper cables. Inside the cryostat there will be a high temperature superconductor cable connected to the coils.
The maximum voltage during a quench should not exceed ±1 kV. This is the case for the conductor itself, all electrical joints inside the cold mass and the voltage over the power leads.
Cold mass and cooling concept
A first design of the cold mass has been evaluated by CEA. The feasibilty of producing individual parts of the cold mass with the required tolerances is presently being investigated by Noell. The integration sequence of the cold mass into the custom made cryostat has already been studied in some detail. A sketch of the magnet structure inside the cryostat system is shown in Fig. 7 .
The magnet cold box and the cooling concept is part of the general order. Madmax will provide a 4.5 K LHe supply as described in Sec. 5. With a peak field above 10 T, the LHe for the the NbTi superconductor must be sub-cooled to achieve optimal performance. To operate the magnet on a suitable point at the load line of the superconducting cable, the nominal operating temperature of the magnet was chosen to be 1.8 K (superfluid helium). This is realized by direct cooling, where the coils and its structure are surrounded by the helium bath at a pressure of 1 bar. The concept for supplying pressurized 1.8 K helium to the magnet would be to use 3 complementary baths (B): B1: 4.2 K /1 bar → connected to the cryo-plant high-pressure supply and low-pressure return, B2: 1.8 K/20 mbar → saturated superfluid helium connected to a pump at 16 mbar, B3: 1.8 K/1 bar → feeding the magnet bath through a helium heat pipe.
To extract the heat from the magnet and make it returnable to the cryogenic plant an easy classical heat pipe with a diameter of around 100 mm could be used due to no need of space limitation.
The magnet heat load on the cold mass is given at this design state with less than 200 W on the cold mass and 3.6 kW on the 80 K shield circuit. Additionally, there will be a gas return from the power leads (HTS) on the 80 K line and the helium gas return from the compressor used for reducing the bath temperature to 1.8 K on the 4.5 K line.
DESY-HH as site: Infrastructure and cryogenics
DESY has recently published the strategy document "DESY 2030". It includes a program for the realization of novel particle physics experiments on the Hamburg site. Here axion and axion-like particle searches play a major role. Madmax is explicitly mentioned as part of the "very attractive on-site programme from around 2020 onwards" [57] .
The first axion-related experiment under construction within this program is ALPS II, aiming for first data taking in 2021. To enable Madmax and other cryogenic experiments running in parallel to ALPS II, the DESY management has decided to refurbish the cryogenic supply of the DESY north hall. Dedicated funding by the Helmholtz Association in support of the Quantum Universe excellence cluster of Hamburg University, was obtained to realize this cryogenic platform. It shall be available by the end of 2022.
The technical requirements of Madmax on the experimental site are wide ranging. During the installation phase, heavy loads up to 200 t have to be handled, control rooms have to be provided, new transfer lines and valve boxes for the cryogenic supply of the big superconducting dipole magnet and at the 4 K booster vessel have to be built, and vacuum pumping systems have to be installed. At a later stage during operation and maintenance phases, most of this equipment has to stay available while challenging conditions, like a high fringe field of the magnet, have to be taken into account. Therefore, the former site of the H1 experiment at the DESY north hall seems to be an ideal place. Crane infrastructure and a hovercraft (both up to 80 t) are available for transportation and could be used during the installation phase. Electrical power, pressurized air, and cryogenic ports are also available as well as a container close to the experimental area, which could be used as a control room and electric hut. The inner space of the still existing iron yoke, used in the past for the H1 solenoid, is a very suitable place for the magnet. Supports for the magnets are available inside the yoke. First simulations demonstrated that a reduction of the magnetic fringe field down to a value of 5 mT is possible, which enables working inside the hall during magnet operation. The shells of the yoke can be opened to access the experimental area and closed for operation within 2 hours. Ports in the yoke allow the connection of pumping units, cabling, and transfer lines to the magnet. Space for the electrical power supply are available on a different level (6th floor) and a connection to the magnet via existing cable shafts are possible.
For the installation of the magnet (≈ 200 t) a dedicated movable crane and a hovercraft system will be rented. An overview of the DESY north hall with a place holder for the Madmax experiment is given in Fig. 8 .
The availability of cryogenic ports for supplying liquid helium with a temperature of ≈ 4.2 K and also recovery lines for helium at temperatures 4.2 K and 300 K are crucial. The LHe will be provided by one of the old HERA cold boxes with a maximum power of ≈ 9 kW at 4.5 K. Madmax shares the cooling power with the other experiemtns in the hall. Investigations in cooperation with the DESY cryogenic group (MKS) shows that the nominal available cooling power is ≈ 4 kW at 4.5 K. First estimates of the cooling needs for the magnet and the booster vessel indicate that this is sufficient for the cool-down and operation of the Madmax experiment. The complete warm gas management -like the The planned location of the L-shaped Madmax booster cryostat inside the yoke is indicated.
300 K helium supply, helium gas storage and quench pipe -does also exist. All cryogenic interfaces to the DESY system have already been identified. They are defined in Tab. 2.
Towards a principle validation
It is very important to understand the systematic uncertainties on the boost factor, and its correlation to measurable quantities which can be used for tuning the positions of the discs. In this chapter, we present simulations and an experimental setup taking realistic boundary conditions into account, such as magnetic field in-homogeneity, mechanical inaccuracies, imprecise disc geometries, etc.. In Sec. 6 .1 we directly survey the sensitivity of the boost factor to these effects. In Sec. 6.2 we present a first proof of principle setup, experimentally demonstrating the tuning procedure on a small-scale dielectric haloscope, including systematic uncertainties from mechanical inaccuracies and antenna reflections.
The understanding of the boost factor gained from these studies ultimately influences the design of the prototype and of the Madmax experiment. 
Simulations
Methods
Studies with a one-dimensional (1D) simulation tool are reported in [2] . To extend them to three-dimensions (3D) the following methods are applied:
• Finite Element Methods (FEM) can solve the full system of axion-Maxwell equations governing the Madmax booster [58, 59, 60, 61] . However, to make this numerically efficient for multi-wavelength-scale systems, such as Madmax, restrictions like radial symmetry needs to be assumed [62] .
• Iterative Fourier Propagation Assuming zero net charges, electromagnetic waves can be transformed into momentum space with a Fourier transformation. Diffraction on the discs is applied in position space while propagation is done in momentum space. Starting from the emitted fields at each interface, the fields are iteratively propagated between interfaces until the out-propagating fields converge [62] . Using this method a significant reduction of computational effort can be achieved.
The validation of these methods for a prototype setup with 20 discs with a diameter of 30 cm and a setup with 80 discs of 1 m diameter is discussed in the following section.
Idealized booster in 3D
A comparison of the methods introduced in Sec. 6.1.1 is shown in Fig. 9 for a booster with perfectly flat and parallel dielectric discs of finite size. The discs are aligned such that one achieves a large boost factor over a ∼ 50 MHz bandwidth, which is our benchmark for this section. The total power emitted by the booster is shown by the solid and dashed lines. Both 3D approaches give almost identical results within a few percent. Results from mode decomposition are shown as solid, hatched regions. The first mode (red) contains most of the axion induced power. The fourth and higher modes contribute insignificantly. Fig. 10 shows an example for a transverse beam shape in the x-y plane, corresponding to the frequency of 22 .02 GHz in Fig. 9 (a) . Here, the matching ratio between two beam shapes quantifies the amount of power received by an antenna perfectly matched to one beam, when actually the other beam is the physical beam shape. Typically deviations between the methods are on the percent level or below, insignificant for sensitivity estimates.
Since the modes differ in transverse momentum, their respective boost factors are shifted to higher frequencies. This can help to separate the different modes in frequency. The reduction with respect to the 1D calculation is due to the specific couplings of the EM field into different modes -analogous to the geometry factors in cavity experiments. The lowest four modes propagate almost independently in the ideal system. The implications deduced from the 1D calculations (see Sec. 2) are valid for the modes in the 3D calculation.
The beam shape of the lowest mode at the last disc of a booster with 5 discs has a 97% matching ratio with a Gaussian beam with a waist of w 0 ∼ D/3 where D is the diameter of the discs. The power, which can be coupled to Gaussian beam antennas with such parameters, is illustrated by the red lines in Fig. 9 . For the prototype, there is no advantage of going to a more sophisticated antenna, since for the benchmark boost factor with 50 MHz bandwidth only the first mode contributes significantly within this bandwidth. The power which is not coupled into the antenna is reflected back. The magnitude of this effect depends on the exact geometry of the focusing mirror and antenna. Such effects have already been taken into account in the first 1D calculations and compared with results from the proof of principle booster, Sec. 6.2.3.
Requirements for an ideal booster
The calculations described above assume zero axion velocity, a homogeneous external magnetic field, and perfectly flat, parallel, and lossless dielectric discs. In this section the systematic effects introduced by relaxing these assumptions are investigated.
As described in Sec. 2, the axion-induced field is proportional to B e θ, where B e is the external magnetic field and θ is the axion field. Spatial in-homogeneity of these quantities will, therefore, affect the boost factor. However, it has been shown using Iterative Fourier Propagation that the expected magnetic field in-homogeneity, as for example shown in Fig. 6 , do not affect experimental sensitivity more than to the percent level.
With non-zero axion velocity, the axion field θ acquires a spatial phase over the setup causing slightly tilted emissions from the discs [63, 64, 65] . Since the axion de Broglie wavelength is much larger than the booster length, this effect is negligible. This has been explicitly verified with 1D calculations [4, 66] and with Iterative Fourier Propagation.
Moreover, it is important to consider imperfections during the propagation of electromagnetic waves within the booster. Disc position and thickness inaccuracies cause phase errors. Numerical 1D calculations show that for both cases in Fig. 9 an accuracy of ∼ 5 µm is needed to limit changes of the boost factor by less than 10%. This dictates the accuracy of the disc positioning system. Losses modify the boost factor and limit the achievable minimal bandwidth. Practical implications of this are discussed in Sec. 8.3. Thickness variations over the disc cause phase shifts. These cause slight mixing between the modes and can be directly taken into account in the Iterative Fourier Propagation approach. An example is shown in Fig. 11 for different standard deviations of thickness variations and a correlation length of 110 mm over the disc surface for the 80 disc booster. For each thickness variation, a large set of random samples were generated, corresponding to the lines of identical color.
The light green lines correspond to thickness variations with a standard deviation of 5 µm. They show a reduction of the area under the boost factor of the order of 30% mainly due to the reduction of the bandwidth. Requiring the maximum thickness variations to be smaller than two standard deviations, indicates they should be kept <10 µm. Results for the 20 disc booster give similar requirements.
In principle, using reflectivity measurements for boost factor calibration, a suitable configuration can be found re-optimizing disc positions by trial and error. At this stage, it is not clear how much the thickness variation effects can be compensated. An analogous study was made for discs with relative tilts. Tilts in a range from 1 µrad to 3 mrad were sampled randomly and the boost factor curve was calculated with the 3D Fourier method. The result is that for the benchmark boost factors, tilts of 0.3 mrad for the 20 discs system, and 0.1 mrad for the 80 discs system start to affect the shape of the boost factor. Note that 0.1 mrad corresponds to ∼ 100 µm displacement over a 1 m diameter disc, which is less stringent than the alignment requirement. Additional studies are underway to understand the effect of disc tiling. Preliminary results show that the total power by the haloscope is not significantly affected by the tiling, but there can be significant changes to the modes, i.e. the beam shape. While studies to understand the systematic effect on tiling and its possible implications on disc and antenna design are ongoing, the collaboration is also considering alternatives to tiling, as discussed in Sec. 8.3. Finally, unlike cavity experiments, which are tuned to operate at high-quality factors, the boost factors of Madmax are not tuned to operate at very narrow bandwidths, but rather in a semi-broadband mode with tunable bandwidth. This does not only make the setup less prone to different kinds of inaccuracies, but going to higher bandwidth can relax some of the accuracy constrains stated here. Also, the inaccuracies described here introduce mode mixing, loss, and phase errors. The latter can be to partially compensated through a re-optimisation of the disc positions. This is also addressed in Sec. 6.2.5 , where this possibility in a small scale experimental setup for mispositioned discs was observed. The extent to which this is possible for 20 and 80 disc setups is currently under investigation.
Setup for proof of principle measurements
Stability of the boost factor during measurements necessitates that a mechanically stable booster system with the predicted electromagnetic properties can actually be built and tuned. It is therefore crucial to demonstrate experimentally that a reliable boost factor can be obtained and correlated to the available RF measurements.
In this section, first measurements with a first proof of principle booster are shown [67] . Stability of the RF behavior of the system over time and reproducibility of the boost factor have been demonstrated.
Experimental setup
An overview of the experimental setup is shown in Fig. 12 . The proof of principle booster can carry up to 20 discs placed in front of a copper mirror. The used sapphire discs have a dielectric constant of ≈ 9.4 perpendicular to the beam axis (cf. C-cut sapphire), a thickness of 1 mm ± 10 µm, and a diameter of 200 mm. They are positioned by motors with a precision of less than 1 µm. A microwave signal can be injected into the system and the phase and amplitude of the reflected signal at a given frequency can be measured using a Vector Network Analyzer (VNA). It is connected to a rectangular K-band horn antenna (A-INFO LB-42-25 ) facing a 90-degree off-axis parabolic mirror with a diameter of D ∼ 30 cm. The VNA is calibrated to the connector end of the horn antenna. By taking a reflectivity measurement as a function of frequency without any dielectric disc installed, also the transmission factor and the reflecitivity R A (ν) of the horn antenna and parabolic mirror assembly can be determined.
Electromagnetic response model
The electromagnetic response of the system can be described by a 1D wave-guide approximation model (1D-model).
To experimentally study the electromagnetic properties of the booster, the reflectivity R(ν) as a function of frequency is measured. It is correlated to the boost factor since the propagation of both axion-induced and reflected signals are affected by the same systematics.
The magnitude of the measured reflectivity depends stronlgy on the loss mechanisms inside the system. Hence, these have to be understood and minimized.
It is intuitive to consider the group delay τ g = −dΦ/dω, where Φ is the phase of the reflected signal and ω = 2πν is the angular frequency to extract the frequency behavior of the system. It can be qualitatively understood as the mean retention time of reflected photons within the booster and therefore maps out resonances. Boost factor and group delay for a set of four equally spaced discs at 8 mm distances are compared in Fig. 13 . The group delay peak at the highest frequency correlates to the one from the boost factor from the 1D calculation. 
Antenna reflections
An important systematic effect on the measurement of the electromagnetic response and ultimately on the boost factor is from unwanted reflections. Fig. 13 shows the effect of these reflections, illustrating the consequences to the group delay. The reflected signal is out of phase with the main signal and can cause constructive or destructive interference, adding harmonics (wiggles) to the frequency spectra of the group delay. It potentially deteriorates the shape of the peaks and thus can lead to an inaccurate determination of their maxima. More importantly, the unwanted reflections cause deterioration in the boost factor itself. Therefore, it is important to include these reflections in the 1D-model. This can be done by including the measured antenna reflectivity R A (ν). Fig. 13 shows the results from such a model compared with a measurement for a four disc case. The features imposed by the reflections are reliably reproduced.
Mechanical stability
The mechanical stability of the system is determined by higher frequency (seismic) vibrations from the surrounding and seismic movements coupling into the booster system, as well as long term displacement effects during measurement caused, for example, by temperature changes. These will depend on the location of the setup and the precautions taken in the design regarding thermal stability and vibration damping.
The long-term behavior of the proof of principle system was investigated by observing the stability of the resonant group delay peak of a single disc and mirror system. Mea- surements taken over more than a day without moving any motors revealed a temperature dependence of the group delay peak position of ∼ 2 MHz K −1 (corresponding to a dependency of the disc position of around (−7 ± 2) µm K −1 ) [68] . Also considering the higher frequency vibrations it could be concluded that without significant precautions the group delay peak was stable to ∼ 1 MHz, limited by the seismic constraints. The accuracy of the disc alignment is limited by the precision of the motors and the mechanics of the disc holder. The reproducibility of positioning individual discs was determined by repeatedly placing a disc to a predefined position. The obtained group delay peaks were used to calculate the position by comparison to the 1D-model. Hysteresis of the system is taken into account. The group delay peak position was reproduced within a standard deviation of ∼ 1.5 MHz corresponding to position errors of the order of ∼ 700 nm. This is still well below the needed accuracy for the benchmark boost factors studied in Sec. 6.1.
Tuning routines
During the axion search, the boost factor function needs to be tuned in frequency. It could be demonstrated with up to five equidistant discs that such tuning can be achieved using the following tuning procedure: First, the desired boost factor function is calculated via the 1D-model. The same is done for the corresponding group delay. The physical disc positions in the setup are then adjusted by an optimization algorithm. For each optimization step, the discs are realigned, and the group delay is measured and compared with the corresponding model. Based on the obtained difference new disc positions are calculated. The optimization algorithm stops once the new disc positions converged within 1 µm. By repeatedly performing this algorithm using different starting positions within 100 µm the reproducibility of the system response can be evaluated. Fig. 14 (a) show the results of running the frequency tuning procedure for ∼ 200 times using the same calculated boost factor function with four discs [68] : the final motor positions are correlated to each other. The visible correlations show that there exists degeneracy in the disc position phase space.
To quantify the systematic uncertainty on the boost factor arising from tuning, the optimization algorithm was used on the measured group delays with the final disc positions by adjusting the calculated ones in the 1D simulation until they match the measured ones. Afterwards, for each realization, the corresponding boost factor was calculated. The systematic uncertainty on the obtained maximum of the boost factor can then be extracted from this ensemble, thus taking into account the effect of disc spacing degeneracy. Fig. 14 (b) shows the resulting uncertainties on the boost factor center frequency and amplitude as a function of the number of discs for a measurement for setups resulting in a boost around 22 GHz (see Fig. 13 . For this case, the frequency uncertainty (< 2 MHz) and the amplitude uncertainty (< 2 %) would have a small impact on the sensitivity of the booster. Analogous results have been obtained for other frequency range between 22 GHz to 28 GHz.
The correlations in disc spacings and the resulting boost factor functions illustrates that different disc spacing configurations can still result in the same electromagnetic response. This shows that phase errors, such as position errors of discs, can be compensated by corresponding phase errors resulting from other discs. In principle, this degeneracy could be also utilized to compensate for the sum of phase errors resulting from disc and position imperfections.
Outlook
The setup is currently being extended to 20 discs, as shown in Fig. 12 (left) . Antenna reflections have been reduced by employing an antenna which is better coupled to the lowest mode of the booster. A custom-made Gaussian horn antenna, together with a large ellipsoidal mirror from Thomas Keating Ltd. shown in Fig. 15 (left) , has recently been installed, reducing the antenna reflections by ∼ 10 dB. The shape of the reflected beam at 22 GHz has been measured using a near-field probe and is shown in Fig. 15 (right) . It agrees well with a Gaussian beam.
Additionally, an optical low-coherence interferometer SOFO V [69] (also see Sec. 8.6) will be utilized to independently measure the actual disc positions and tilts. This can help in understanding and improving 3D simulations. 
Detection system
The detection system of Madmax can be divided into the optical system -consisting of the antenna and focusing mirror -and the receiver. The requirement for the optical system is a high efficiency of coupling the axion induced signal into the receiver while avoiding coupling to the thermal radiation from the surrounding. As the expected signal power is only of the order 10 −22 W, a very low noise receiver is needed.
Optical system
The axion induced radiation emitted by the booster is guided and focused onto the receiver by the optical system. It consists of a focusing mirror, a horn antenna and waveguiding inside the booster cryostat. A simplified sketch of the system is shown in Fig. 16 .
The size of the focusing mirror for the prototype, sitting at a distance of ∼2 m behind the booster, has been optimized for the ideal coupling of the Gaussian beam shape into the horn antenna. The size of the mirror is related to the expected beam waist of the booster signal. This was determined from the simulation. This leads to a diameter of the focusing mirror of ∼ 1 m, which determines the dimensions of the cryostat. Note that the shape of the focusing mirror is elliptical and it is placed inside the cryostat with an angle, this allows to place it inside a tube with an inner diameter of 750 mm. The horn antenna has a length of ∼ 350 mm and an opening width of ∼ 150 mm. It produces a nearly perfect circular beam. The first visible side lobe at design frequency is at -35 dB. The coupling integral to the Gaussian beam (first mode) is > 95% in the frequency range between 18 and 25 GHz.
For the final experiment the expected mirror diameter for coupling to the Gaussian mode of ∼95% is extrapolated to be around 2 m, leading to a necessary cryostat inner diameter of ≈ 1.4 m. The final dimensions of the system will be determined once the exact beam waist for the 80 disc booster system is available. Figure 16 : Sketch of the Madmax optical system collecting and guiding the signal from the prototype booster to the receiver system.
Detector technologies
The power of the axion signal from the booster is expected to be ∼ 10 −22 W. In order to detect such a small signal with up to a week of measurement time, a receiver with very low noise is required. At frequencies below ∼ 40 GHz, there exists a mature technology -the High Electron Mobility Transistor (HEMT) based amplifier -that has a noise temperature of a few Kelvin when operated at liquid helium temperature. The baseline design of the receiver chain for data taking between 10 to 40 GHz based on HEMT preamplifiers will be discussed in section 7.2. 1 . It has been demonstrated in the lab that the aforementioned receiver chain is capable of detecting signals of 10 −22 W within a few days.
In the intermediate term, the receiver noise temperature can be significantly reduced by replacing the HEMT amplifier with a quantum-limited amplifier, such as a SQUID or Josephson Junction based parametric amplifier. Such technologies have already been used by other axion search experiments [70, 71, 72] , though they are typically operated at lower frequencies and with narrower bandwidth compared to Madmax. Section 7.2.2 will discuss the potential of reducing the receiver noise temperature to ∼ 1 K by using quantum-limited linear amplifiers for Madmax operation up to 40 GHz. For axion detection beyond 40 GHz, new technologies will be needed, and various possibilities are to be explored. Section 7. 2.3 briefly describes a few possibilities that have been considered and the path forward for Madmax.
HEMT-based receiver chain
For microwave detection between 10 to 40 GHz, a linear detection scheme based on heterodyne mixing is typically used, whereby the signal to noise ratio (SNR) is given by Dicke's radiometer equation,
where k B is the Boltzmann constant, P sig is the expected axion signal power corrected by detection efficiency. T sys is the total system noise temperature which consists of the receiver noise temperature T rec and the additional noise from the booster and its surroundings T booster , such that T sys = T rec + T booster . ∆ν = 10 −6 ν a is given by the axion line width and t scan is the integration time for an individual measurement of a given bandwidth. G and ∆G are the receiver gain and gain fluctuation, respectively. Since the axion signal would be a narrow line in the measured power spectrum, the term arising from gain fluctuation can be neglected and thus Eq. 7 can be reduced to Fig. 17 shows the proof-of-principle receiver chain that has been setup at MPP. It consists of a low-noise cryogenic preamplifier and three-stage heterodyne receiver with subsequent fast Fourier signal analyzer. The InP-HEMT preamplifiers from Low Noise Factory can achieve an input-referred noise temperature of 5 − 6 K and a gain of 33 dB when operated at an ambient temperature of 4 K. The output of the preamplifier is sent through an amplifier at room temperature and then down converted to a center frequency of 26 MHz with a bandwidth of 50 MHz. The data acquisition system consists of four timeshifted digital 16-bit samplers with a sampling rate of 200 MS/s and internal FPGAs for real-time FFT calculation and subsequent averaging. Each sampler takes turns to record the signal with ∼ 20 ms intervals in an alternating fashion while FFT calculation is being performed by the other three. The dead-time is reduced from 75% with only one sampler to less than 1%, and yields a 2.048 kHz bin width in the measured power spectrum. Fig. 18 shows the samplers at MPP Munich.
Measurements have been performed with the proof-of-principle receiver chain in which a "fake axion" signal at 18.4 GHz with power of ∼ 1.2×10 −22 W and bandwidth of ∼ 10 kHz is injected. 3 The total receiver noise temperature is T rec ≈ 5 K as it results mainly from the input-referred noise temperature of the preamplifier. The background temperature is 4 K due to the liquid helium environment, making the system noise temperature T sys ≈ 9 K. The fake axion signal could be detected [73] with two days of measurement time with a significance of 4.8σ. Fig. 19 shows the measured power spectrum which is dominated by thermal noise, and the normalized spectrum in which the excess from the "fake axion" signal can clearly be seen.
It has been demonstrated that the proof-of-principle receiver meets the requirements and yields T rec ≈ 5 − 6 K. In order to be able to detect an axion signal of the benchmark power of 10 −22 W within a few days measurement time, the noise temperature of the remaining system T booster should not exceed a few Kelvin. According to Kirchhoff's law of thermal radiation, the thermal noise of the booster is calculated by multiplying the physical temperature with its emissivity. The emissivity of a perfect metal mirror would be zero and therefore zero noise temperature, while a lossy system such as the dielectric disc or a lossy metal mirror would have an emissivity between 0 and 1. By choosing a dielectric material with small tan δ loss, the noise temperature of each dielectric disc can be made negligible. Therefore, in order to reduce T booster to ∼ 2 K, the entire booster should be enclosed in a helium cryostat, and low-loss metals and dielectric material should be used for the mechanical structure and discs, respectively.
Quantum-limited linear amplifiers
It is evident from Eq. 8 that a low T sys is crucial for the success of Madmax. While HEMT preamplifiers could provide sufficiently low noise temperature, it is possible to lower the preamplifier noise temperature close to the theoretical lower limit, namely the so-called quantum limit:
where h is the Planck constant and ν is the signal frequency. When ν = 20 GHz for example, the quantum-limited noise temperature is T ≈ 1 K -significantly lower than the noise temperature of state-of-the-art HEMT amplifiers. In many cavity-based axion searches, near-quantum limit performance has been achieved by using superconducting Josephson junction or SQUID based parametric amplifiers. These amplifiers are built around the parametric interaction between three waves: signal, pump and idler. The nonlinear element which enables the parametric amplification is provided by a Josephson junction or SQUID, which has nonlinear inductance. However, such devices used by other axion searches are typically operated at 10 GHz with bandwidth less than a few MHz and low saturation power. In other words, quantum-limited amplifiers for Madmax which work at > 10 GHz with bandwidth > 50 MHz and saturation power −100 dBm are yet to be developed. Progress has been made to increase the bandwidth -which naturally increases the saturation power -by engineering a nonlinear transmission line using Josephson junction or SQUID metamaterial. Such devices are dubbed traveling wave parametric amplifiers (TWPA). For example, Ref. [50] presents such a device made of an array of > 2000 aluminum SQUIDs; it has a 3 GHz bandwidth, −102 dBm 1-dB compression point and added noise near the quantum limit. Although the center frequency of the device is ∼ 7 GHz, experts agree that frequencies up to 40 GHz -roughly half of the superconducting gap of aluminum -can be achieved by adjusting the SQUID array parameters. Plans have been put into place for the development of quantum limited parametric amplifiers for Madmax led by the Néel Institute in Grenoble, France and the Walter-Meißner Institute in Garching, Germany. It is expected that the first working device in the range of 10 to 15 GHz will be delivered in 2020, while devices working for up to 40 GHz could be developed in the next three years. In the meantime, MPP Munich is in the process of acquiring a dilution refrigerator (DR) in 2020, which is needed in order to provide the 100 mK temperature necessary for operating the amplifier. Such a setup would enable the characterization and testing of the device, as well as experimenting with methods with which it can be integrated into Madmax.
Axion detection beyond 40 GHz
The detection of weak signals beyond 40 GHz is still a conundrum for the axion community. At this frequency range, even the quantum limit increasingly becomes a limiting factor for the sensitivity. To get around the quantum limit, many cavity experiments are actively pursuing single photon detection using technologies such as Rydberg atom microwave electrometry [52] . Aside from the intrinsic technological challenges, single photon detection would only be useful for Madmax if tunable filtering can be achieved between the antenna output and single photon counter input, given the higher ambient temperature and broader bandwidth compared to typical cavity experiments.
Linear amplification with near quantum limited noise could still be a viable option for Madmax at higher frequencies. One possibility is using a SIS mixer to shift the axion signal to a lower frequency without introducing too much noise before amplifying it with a quantum limited amplifier. An SIS mixer which works below 100 GHz with sufficiently low noise still needs to be developed. Alternatively, TWPA with Josephson junctions or SQUIDs made of materials with a higher superconducting gap such as Niobium could potentially increase the operating frequency to ∼ 100 GHz. Developing such devices will require more dedicated studies, different fabrication techniques and a longer time commitment.
The booster consists of a fixed copper mirror, the dielectric discs, the construction that keeps in place and moves the discs, and a system that allows to obtain the real-time position of the discs. It has to be operated at liquid helium temperature inside a high B-field, with a disc positioning accuracy of a few µm (see Sec. 6.1) . The maximum disc displacement is 1.2 m. There is no off-the-shelf solution for this long stroke positioning in a cryogenic environment. For several parts of the booster system, significant developments are required to meet these goals.
Booster design
A design study was performed by a company experienced in cryogenic engineering and drive concepts for cryogenic environment, JPE [74, 75] 4 . The study aimed at identifying the most promising mechanical concepts for precise movement of the booster discs. It is concluded from the study that a concept with moving motors on fixed guides is considered to have lowest risk and cost. Concepts where fixed motors push the discs with moving rods which are mounted on sliding carriages were also investigated. The difference between the two variants is the temperature at which the motors are operated. Another concept has fixed motors moving a rod, but in this case the discs are directly fixed to the rods and moved by them without an intermediate carriage. This concept is deemed simple, but risky due to the unpredictable effect of misalignment.
The booster design needs now to be further developed and visualized in 3D CAD on a system level in order to judge the interaction and space requirements of all relevant parts including, e.g., an actuator, guiding system, cooling solutions, an interferometer, etc. In the next step, the technical visualization of one selected concept will be commissioned to the JPE company. This will include the concept for a JPE motor, suitable for the application. The mechanical design will be, however, applicable to motors from other suppliers, as long as they meet the boundary conditions regarding dimensions, forces, tolerances, heat dissipation and stress resistance. These boundary conditions will be defined at the beginning of the project.
Investigation of motors
Piezoelectric motors meet the majority of Madmax requirements. They can have high precision control, high force, low profile, low power consumption and quick response. They function in a vacuum under a strong magnetic field. Nonetheless, a few challenges have to be addressed for the adoption of piezo motors for Madmax.
The performance of the piezoelectricity, especially for the large strokes needed, has to verified at the working temperature. The displacement of lead zirconate titanate (PZT) crystals -the most commonly used piezoelectric crystal -decreases rapidly at cryogenic temperature [76] . Consequently, the drive system has to be adapted for the low displacement. Alternative materials, such as electrostrictive single crystal, retain a better performance at cryogenic temperature and are being considered. Bipolar drive voltage can also increase the displacement, albeit at the cost of more complicated electronics.
The thermal load of the piezo motor has to be considered as well. Each piezo motor dissipates about 30 mW of power during its operation at 4 K. This will be the dominant thermal load inside the cryostat during disc displacement. Dedicated thermal coupling structures, such as metal-wire brush or sliding contacts, can solve this issue.
The high B-field does not interfere with the operational principle of the piezo elements. A few models, for example those used in NMR devices, are routinely operated in strong magnetic fields by simply replacing their magnetic materials with non-magnetic ones. However, few tests exist for operating piezo motors in a magnetic field as high as 9 T. Dedicated tests will be carried out for Madmax in available test magnets (See Tab.3) . The reliability of the piezo motors is an important criterion. The final system includes 240 motors that have to operate reliably for years. A motor failure implies a technical stop of few weeks to open the experiment and extract the booster from the cryogenic vessel. Under this constrain, the motor failure rate must be limited to an acceptable level, and redundancy in the system has to be guaranteed.
The Madmax collaboration has identified several companies that deliver cryo-compatible piezo motors. One custom-made motor has been tested inside a LHe cryostat in a 5 K surrounding. The motor did work and a stroke of ≈ 10 cm was achieved without warming up the test surrounding significantly. However, the motor itself needs to be warmed up to ≈ 50 K before a significant movement could be reliably achieved. While this shows that piezo motors can in principle be used in the cryogenic surrounding, the thermal behavior of this motor type does not satisfy the requirements.
Alternatively, motors from two other companies are also being investigated. The company JPE has piezo motors in their product line that are rated for operation in 4 K environment and below. An adaptation of one of these motors is being investigated in connection to the mechanical engineering study performed for the booster design as described in Sec. 8.1. 
Disc material
Some single crystal materials are known to have the needed low dielectric loss of tan δ < 10 −4 . The main candidate materials are LaAlO 3 [77, 78, 79] and sapphire. LaAlO 3 is preferred due to its high dielectric constant of ∼ 24. Although measured values for the dielectric losses of both materials exist, they need to be evaluated at the frequencies relevant to Madmax and ultimately at cryogenic temperatures of about 4 K. Additionally, at least for LaAlO 3 , it is known that the dielectric losses may vary largely between different samples/batches [77] , or even for individual samples, making it necessary to "screen" the stock material used to produce the discs in a kind of quality assessment. Single crystals are not available with the required size, necessitating the tiling of the discs from smaller parts. Alternatively, low dielectric-loss amorphous materials could be a solution, provided they can be produced in the needed size and with the needed accuracy.
Alternative materials
The tiling of the discs has an effect on the beam shape (see Sec. 6.1) . Increasing the size of the elements from which the discs are tiled or even achieving disc production with the required size would reduce these effects. Also, mechanical accuracy and stability of the discs could be increased. Therefore alternative dielectric materials with adequate electromagnetic properties and bigger diameters are being researched. Also stratification of different materials is considered as option to increase the boost factor.
Low loss dielectric materials have been of great interest in industry and there are numerous of applications ranging from antennas for wireless communication to miniaturized electronics. Ref. [80] lists more than 4000 low-loss dielectrics among which candidate materials for the Madmax booster can be found. Furthermore, poly-crystalline LaAlO 3 can be formed into discs with d≈ 50 cm. It has been shown that these have very low losses at cryogenic temperatures [81] . However, the disc thickness might not be achievable that easily. Possibilities in this direction are presently being investigated.
Disc tiling
With current technology LaAlO 3 can be grown into single crystals with sizes up to 3". Hence, the discs for the prototype booster with diameter 30 cm and later the final booster with diameter 1.2 m may have to be tiled from smaller pieces with the needed accuracy. A semi-automatic machine to position and glue hexagonal dielectric tiles has been assembled and commissioned. Stycast blue 2850ft is used for the gluing. Fig. 20 (left) shows the machine being operated in the laboratory. The right photo shows the first successfully tiled LaAlO 3 disc using this machine. The technical specifications of the tiling machine are: plane flatness < 5 µm, gap between tiles 200 µm, homogeneous glue trace on all tail borders. After production the discs are characterized for flatness. 
Disc characterization
Simulation results suggest that the degradation of signal power from disc thickness variations can be tolerated if they are 10 µm or alternatively, if the disc thicknesses are known to high enough accuracy (also after cooling down to LHe temperature) and the known variations can be taken into account when adjusting the disc positions.
Therefore it is interesting to precisely measure the surfaces and the disc thicknesses of all discs. This quality assurance of the disc manufacturing can be done with 3Dmeasurements. Two 3D tables are available to the Madmax collaboration, allowing to measure structures with size up to 1.6 m (also used for ATLAS pixel modules measurements). The machines are equipped with contact and non-contact sensors (optical pen and laser scanner). Measurements of disc surfaces can be performed both in vertical and horizontal positions, allowing them to check the impact of gravity on the disc shapes. Measurements have already been performed on discs used for the first proof of principle measurements and on glass-discs tiled with the setup described in Sec. 8.4 . The setup is shown in Fig. 21 .
A few thousand points were taken per disc side within 1 hour. The precision of the measurement setup has been demonstrated with an uncertainty of a few µm. The results of the first scans show that the tiled disks do not yet meet the specifications. At this stage, the measurements allow to control the quality of the produced discs and helps to improve the production process. These measurements will also be used for simulating the impact of surface unaccuracies on the boost factor. 
Disc positions control system -interferometer
The group delay of a microwave signal injected into the booster reveals information about the disc spacing. The result of the measurement does, however, neither give the exact position of all discs nor the information on the tilt or unevenness of the disc surfaces. It is therefore helpful to measure the spacing (or disc positions) and tilt independently with an accuracy of at least 1µm.
For the required accuracy in the harsh environment, only optical measurements seem feasible. Two options have been studied in detail out of which one is considered for integration into the prototype: A precision laser interferometer from the company HighFinesse 5 . The proposed interferometer provides an absolute measurement of the disc position with accuracy of < µm, allowing to determine the tilt of the discs with sufficient accuracy if three points per discs are measured. The system can provide real-time feedback at a rate of 10 Hz. The draw-back of this solution is that it requires special mirrors on each disc and an optical system inside the cryostat vessel.
So far a one-channel system was successfully tested at room temperature and in air to demonstrate the accuracy and stability. A 6-channel setup to determine the position of two movable discs is presently being commissioned. It will be also used to evaluate the robustness of the system against external influences and to gain operation experience.
A fallback option to the HighFinesse system is a commercially available interferometer offered by the company SMARACT 6 , which provides similar precision but only relative position measurement.
An alternative option is a low-coherence infra red interferometer that relies on the reflectivity of the discs themselves, hence avoiding the need for mounting of retro-reflective mirrors. Such an interferometer has been integrated into the proof of principle booster setup (see Sec. 6.2.5) . Initial tests showed an accuracy of a few µm. It was also demonstrated that up to five sapphire discs could be measured with a single IR beam. This system cannot be used for Madmax in its current configuration due to the long measurement time of up to 10 s and due to the limited measurement range of 10 cm. Extending this range and speeding up the measurement would require significant R&D.
The Madmax prototype
The Madmax prototype is a down-scaled version of the final experiment with the specific task of testing all technological components of Madmax, establishing the data taking procedure and potentially acquiring the first physics results on ALPs and hidden photon searches with this technology. The down-scaling is by a factor of 1/10 in area of the discs, 1/4 in the number of discs and 1/6 in the magnetic field strength. The Madmax prototype has the same structure and components as presented in section 3 but reduced overall size. A cryogenic vessel containing the prototype booster and the optical system is being designed to fit the open bore of the MORPURGO magnet at CERN. The prototype design is flexible enough to account for changes in the booster design to accommodate for the shortcomings identified during commissioning. The feed-through to the receiver is also kept flexible to offer the possibility of testing various receiver concepts. Details of these components are presented in the following sessions.
Prototype booster design
The design of the booster prototype is being investigated. The structure shall support 20 discs of 30 cm diameter, the motors necessary to move them and the system to control the motors. It shall provide the sufficient rigidity to obtain the required alignment tolerance of the discs. As discussed in section 8.1, a few design options have been evaluated by the collaboration together with the company JPE. Two of these are being followed up. The first design is based on the idea that stationary piezo motors are driving the rods connected to the individual discs. Each disc is positioned by moving three rods, each driven by an individual piezo motor. A CAD drawing of this option is shown in Fig. 22 (left) . This structure is being commissioned in the SHELL laboratory in Hamburg. A preseries needed to develop the final concept is depicted in Fig. 22 (right) . The mechanical parts for this pre-series booster are being machined and assembled. A commissioning period will follow, where the required positioning precision of better then 10 µm will be demonstrated.
The second design, believed to be the most promising by the JPE study, has motors integrated directly onto the disc holder system. The full implementation of this design is being worked on and will be available in early 2020.
Final production drawings for the prototype booster will be available mid-2020.
The cryostat vessel
For the Madmax prototype a cryostat is needed to host the prototype booster as well as the focusing mirror, and to provide an interface between the antenna and receiver system. It will have an inner diameter of 750 mm allowing for installation of the focusing mirror. The outer diameter is limited by the constraints of the MORPURGO magnet at CERN (see section 9.3 ) and the foreseen place for commissioning of the whole prototype system, the SHELL laboratory. The cryostat vessel also includes the various interfaces to the subsystems of the prototype, e.g. the prototype booster including possibly a laser interferometer and the focusing mirror. These interfaces include electrical (and optical) feed-throughs as well as thermal couplings. To allow for flexibility and versatility and simpler commissioning, initially the antenna and receiver system will be placed at room temperature outside of the cryostat. The signal will be coupled to the receiver through a window. Later this will be replaced by a dedicated feed-through. A sketch of the cryostat vessel (placed inside the MORPURGO magnet, see section 9. 3) can be found in Fig. 23 which shows the rough layout.
A first design study for the cryostat vessel has been started with Bilfinger Noell GmbH, explicitly looking into different cooling concepts: e.g. cryocoolers vs. LHe from dewars. The outcome of this design study should lead to a decision on the cooling concept in December 2019 so that a detailed design could be ordered in the context of a staged contract with Bilfinger Noell GmbH. This will be followed by the production of the cryostat vessel, to be delivered in March 2021 to the SHELL laboratory.
Measurements in B-field
It is essential to study the behavior of the individual mechanical components inside a strong magnetic field. Measurements are foreseen in different magnets available at DESY Hamburg, University of Hamburg and at CERN. The important parameters of the available magnets are listed in Tab. 3 . Two magnets with small usable aperture will be available in Hamburg for testing of individual components like the motors, dielectric materials, etc.
Magnet
ALPs For testing the full prototype the MORPURGO dipole magnet [82] at CERN could be available during the SPS shutdowns each year from December to April starting from December 2021. It has an aperture of 1.6 m and a usable cross section of roughly 1.45 m. After clarification of the feasibility with CERN representatives, a letter of intent to the CERN SPSC for the usage of the magnet has been handed in [83] . It is expected that the project can be presented to the CERN SPSC in early 2020. For the case of a positive decision the Madmax collaboration can expect the support from the CERN engineering, electrical and technical departments during the installation of the setup in the north area.
Physics measurements
Provided that the tests in the magnetic field of MORPURGO are successful and a reliable understanding of the booster optical behavior can be achieved, it is planned to use the prototype inside MORPURGO to produce first competitive limits for ALPs in the mass range around ≈ 100 µeV. A sensitivity to the ALPs photon coupling (5 σ signal above system noise) down to ≈ 10 −12 GeV −1 over a mass range of ≈ 5 µeV can be achieved using the following assumptions (see Fig. 3 , cyan): a sensitivity of the receiver as described in section 7.2.1, i.e. a system noise temperature of T sys ≈ 8 K; a coupling efficiency between the axion field and the receiver 50 % as compared to the 1D calculations (loss effects, antenna coupling); a readjustment time of the booster discs between different optimized scanning ranges of 1 hour; and a scanning time of 90 days; smallest achievable boost-factor bandwidth of 50 and 20 MHz (upper and lower line, respectively). Even without a magnet previously unexplored range in mass for hidden photons can be probed.
Summary and conclusions
The Madmax collaboration is devoted to the challenging task of detecting the dark matter axion in the mass range around 100 µeV. The experiment will be based on the concept of the dielectric haloscope.
The basic principle of the boost of axion to photon conversion has been scrutinized in detail, including simulations of 3D effects. These investigations show that Madmax could indeed reach the sensitivity needed to discover axion dark matter. While challenging, the production of the setup with the needed accuracy seems feasible.
The success of the project depends on the availability of a magnet with high enough B-field over a large enough volume. There has been significant progress with respect to the development of such a magnet. The two innovation partners of the Madmax collaboration have independently concluded that it is feasible to build a magnet with the given specifications. They now cooperate on the project and are developing a common magnet design. The Madmax collaboration expects to have available a magnet that meets the demanding requirements by 2025.
The other main challenge of calibrating the boost factor and minimizing the uncertainties is being tackled by investigating several methods for verifying the understanding of the RF response of the system.
The development of the different components of the setup are ongoing. As a first step towards realization, a down-scaled prototype experiment will be built. It is expected that this setup will be available in 2021. It will be used for extensive testing and understanding of the mechanical principles, as well as the RF behavior of such a system. Measurements with this prototype in an available dipole magnet -MORPURGO at CERN -will also be performed. Such a prototype could be sensitive to an unexplored parameter range for ALPs and hidden photons and allow for first particle physics publication.
Preparations of the required cryogenic infrastructure to host Madmax at DESY Hamburg, like the needed cryogenic lines, are already ongoing.
The Madmax collaboration is confident that it has identified the main challenges of the project, and that it has developed suitable strategies to solve them.
